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Integrative Genomics Reveals Mechanisms of Copy
Number Alterations Responsible for Transcriptional
Deregulation in Colorectal Cancer

Jordi Camps,I Quang Tri Nguyen,I Hesed M. Padilla-Nash,' Turid Knutsen,' Nicole E. McNeil,' Danny Wangsa,I
Amanda B. Hummon,I Marian Grade,"2 Thomas Ried,I and Michael ). Difilippantonio”<
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To evaluate the mechanisms and consequences of chromosomal aberrations in colorectal cancer (CRC), we used a combi-
nation of spectral karyotyping, array comparative genomic hybridization (aCGH), and array-based global gene expression
profiling on 31 primary carcinomas and |5 established cell lines. Importantly, aCGH showed that the genomic profiles of
primary tumors are recapitulated in the cell lines. We revealed a preponderance of chromosome breakpoints at sites of
copy number variants (CNVs) in the CRC cell lines, a novel mechanism of DNA breakage in cancer. The integration of
gene expression and aCGH led to the identification of 157 genes localized within high-level copy number changes whose
transcriptional deregulation was significantly affected across all of the samples, thereby suggesting that these genes play a
functional role in CRC. Genomic amplification at 8q24 was the most recurrent event and led to the overexpression of
MYC and FAM84B. Copy number dependent gene expression resulted in deregulation of known cancer genes such as APC,
FGFR2, and ERBB2. The identification of only 36 genes whose localization near a breakpoint could account for their
observed deregulated expression demonstrates that the major mechanism for transcriptional deregulation in CRC is
genomic copy number changes resulting from chromosomal aberrations. ~ © 2009 Wiley-Liss, Inc.

INTRODUCTION molecular karyotyping, high-resolution array-
based CGH (aCGH), and global gene expression
profiling builds a framework for the discovery of
novel cancer genes in solid tumors. In addition,
the identification of genomic amplifications and
regions of high-level deletions is important for
uncovering genes and biological pathways per-
turbed during tumorigenesis (Albertson, 20006;
Myllykangas and Knuutila, 2006).

While primary colorectal carcinomas are ideal
in that they truly represent the disease state,
there are some aspects of tumor biology, such as
the nature of the underlying chromosome aberra-
tions, which we cannot currently interrogate in
these samples. Using an approach similar to
recent reports (Neve et al., 2006; Martin et al.,

Colorectal cancer (CRC) is among the most
common malignancies in the Western World
(Jemal et al., 2008). As a model for multistep car-
cinogenesis, colorectal neoplasia represents a
genetic paradigm for cancer initiation and pro-
gression (Fearon and Vogelstein, 1990). Genomic
copy number alterations (CNA) are a major char-
acteristic of cancer cells and are extensively asso-
ciated with progression of the disease. Numerous
studies have revealed recurrent chromosomal
gains and losses in CRC cells (Bardi et al., 1993;
Ried et al., 1996; Douglas et al., 2004; Camps
et al., 2006; Martin et al., 2007). Because gene
expression changes associated with these genomic
imbalances are ultimately responsible for the ma-

lignant phenotype, measuring the extent to which
Additional Supporting Information may be found in the online

gene expression is affected by genomic insults is
a powerful tool to identify putative cancer genes.
This in turn may lead to the identification of can-
cer-specific molecular targets for therapeutic
intervention.

The integrated application of high-throughput
technologies to cancer cells generates an enor-
mous wealth of knowledge. In particular, con-
certed analysis of the cancer genome using
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2007; Fix et al., 2008), we performed a combined
high-throughput analysis of 31 primary colorectal
tumors and 15 established CRC cell lines. The
parallels we uncovered between primary tumors
and cell lines provide a more thorough under-
standing of the nature of genomic alterations, the
possible mechanism by which they are generated,
their consequences on the transcriptome, and
finally how the events in one sample can lead to
genes and pathways generally affected in colo-
rectal carcinogenesis.

MATERIALS AND METHODS

Cell Lines, DNA, and RNA Isolation

The following colorectal cancer cell lines were
used in this study: DLD-1, HCT116,
pS3HCT116, SW48, and LoVo (near-diploid);
SW480, SW837, HT-29, T84, Colo 201, Colo
320DM, LS411N, SK-CO-1, NCI-H508, and
NCI-H716 (aneuploid). All of the cell lines were
obtained from the ATCC (American Type Cul-
ture Collection) and cultured following their rec-
ommendations, except pS3HCT116, a derivative
of HCT116 with a homozygous disruption of
TP53 (Bunz et al., 1998), which was kindly pro-
vided by Dr. Curtis C. Harris of the National
Cancer Institute, NIH. Mismatch repair status
was retrieved from the literature (Eshleman
et al., 1998; Ghadimi et al., 2000; Abdel-Rahman
et al., 2001).

DNA and RNA was extracted from the cell
lines and primary tumors following standard pro-
cedures  (htep://www.riedlab.nci.nih.gov/protocols.
asp). Nucleic acid quantification was determined
using the Nanodrop ND-1000 UV-VIS spectro-
photometer (Nanodrop, Rockland, DE) and RNA
quality was assessed using the Bioanalyzer 2100
(Agilent Technologies, Santa Clara, CA). Normal
colon RNA isolated postmortem from five differ-
ent donors without a history of colorectal cancer
was purchased from Ambion (Applied Biosys-
tems, Foster City, CA).

Array CGH and Gene Expression Microarrays

Oligonucleotide-based aCGH was performed
according to the protocol provided by the manu-
facturer (Agilent Oligonucleotide Array-Based
CGH for Genomic DNA Analysis, protocol ver-
sion 4.0, June 2006, Agilent Technologies, Santa
Clara, CA), with minor modifications. Three
micrograms of DNA from each cell line and tu-
mor were labeled with Cy3 and combined with

sex-matched commercially available pooled con-
trol DNA (Promega, Madison, WI) labeled with
Cy5. Oligonucleotide-based Human Genome
Microarrays (Agilent 'Technologies) containing
44K and 185K features, respectively, were used
for hybridization.

One pg each of cell line or normal human co-
lon RNA (Ambion, Austin, TX) and Universal
Human Reference RNA (Stratagene, Cedar
Creek, TX) were amplified and labeled with Cy3
and Cy5, respectively, using a T7 RNA Polymer-
ase (Low RNA Input Fluorescent Linear Amplifi-
cation  Kit, Agilent) according to the
manufacturer’s protocols, and hybridized to the
44K oligonucleotide-based ~ Whole =~ Human
Genome Microarray (Agilent). Similarly, RNA
from primary tumors and normal human colon
were labeled with Cy3 and subjected to mono-
channel hybridization onto 4 x 44K Whole
Human Genome Microarray (Agilent).

Microarrays were washed and processed using
an Agilent G2565BA scanner. Data were quality
controled and extracted using Agilent Technolo-
gies’ Feature Extraction (version 9.1).

Data Analysis
Array CGH and gene expression analysis

The analyses of the microarray experiments
were performed with in-house developed soft-
ware based on R version 2.6.2 (http://www.R-pro-
ject.org). DNA Copy package from Bioconductor
(http://www.bioconductor.org) was used to ana-
lyze aCGH data. The data were smoothed using
“smooth.CNA”  function, with  arguments
smooth.region = 2, and smooth.SD.scale = 3, and
followed by the generation of chromosome seg-
ments using Circular Binary Segmentation (CBS)
(Olshen et al., 2004), using “segment” function
with alpha = 0.02, undo.split = “sdundo” and
undo.SD = 0.9. We centralized DNA copy num-
ber to the most common ploidy defined as the
highest mode of the probability density function
of sample versus reference log, ratio across the
total set of features in the array. Data were
visualized using CGH Analytics '™ (Agilent) and
Nexus Copy Number (BioDiscovery, Inc.).

For the cell line dataset, gene expression data
were obtained from 44K or 4 x 44K Agilent dual-
channel arrays. Median per feature was used to
summarize data when two or three technical rep-
licates were available. The data were normalized
using Linear & Lowess procedure in Agilent’s
Feature Extraction software. Features for which

Genes, Chromosomes & Cancer DOI 10.1002/gcc
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Figure I. Comparison of genomic imbalances by array CGH anal- genome copy number changes are indicated for the primary tumors

yses of human colorectal cancer cell lines and primary tumors. The
average of copy number gains and losses for the 3| primary tumor
(A) and for the I5 cell lines (B) is plotted as a function of genome
location. Frequency distributions of increases or decreases in

signals were below background (as assessed by
“gSurrogatedUsed” or “rSurrogatedUsed”) were
forced to NA (not a number). We used the me-
dian measurement when more than one measure-
ment was available per feature (i.e., median-
summarization by array using “ProbeName”).
The final cell line dataset contained 20 samples
(15 cell lines, and five normal colon samples),
and 40,380 features.

For the primary tumor dataset, gene expression
data were obtained from 4 x 44K Agilent mono-
channel arrays. We used the median measure-
ment when more than one measurement was
available per feature (i.e., median-summarization
by array using “chr_coord”). Features for which
signals were below background (as assessed by
“gSurrogatedUsed”) were forced to zero. To com-
pensate for any scanner distortion, we applied a
90 interpercentile range (90IPR) procedure to
equalize the spread of Cy3 measurement per
array (in log, scale). The final dataset contained
28 samples (23 primary tumors, and five normal
colon samples), and 40,365 features.

For the purpose of identifying features affected
near breakpoint regions, outlier gene expression
values were defined as having a >1.5-fold change

Genes, Chromosomes & Cancer DOI 10.1002/gcc

(C) and the cell lines (D). On the left hand Y-axis frequencies of
gains and losses are represented as a percentage. On the right hand
Y-axis the frequencies are displayed as a function of the total num-
ber of cases.

relative to the next closest value among the
remaining samples.

Processed microarray CGH and gene expres-
sion data are available as Supporting Information
(Supporting Information Tables 1-3).

Determination of Breakpoints, Amplifications,
and High-level Deletions

A breakpoint was defined as a shift between
two adjacent CBS segments. As the genes
between the features could not always be deter-
mined, we used the following criteria to deter-
mine which genes located at the breakpoints
should be evaluated for changes in gene expres-
sion: (i) breakpoints spanning a distance of less
than 250 kb, genes within a region £150 kb from
the midpoint between the aCGH features defin-
ing the breakpoint were assessed; (ii) for 250-300
kb breakpoint regions, genes within a 350-kb
region were included; and (iii) breakpoints where
the distance between the defining oligonucleo-
tides was >300 kb, genes within £25 kb of the
ends were also examined.

Breakpoints were then mapped according to
the hgl7 build of the Database of Genomic
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Figure 2. Correlation of genomic copy number changes with levels of
gene expression. (A) Correlation of all of the CBS segments with their res-
ident gene expression levels for 15 colorectal cancer cell lines. (B) Ge-
nome-transcriptome correlation plots for individual cell lines (DLD-1 and

Variants (http://projects.tcag.ca/variation/) to iden-
tify structural variants of the genome residing at
these sites. The statistics of association of chro-
mosomal breakpoints with CNV loci is the y°
goodness of fit between the observed fraction of
breakpoint in CNV loci (number of observed
breakpoint in CNV loci/total observed break-
points), and the fraction of expected breakpoints
in CNV loci (total base-pair of CNV areas in
array/total base-pair covered in array). The signifi-
cance threshold for this statistical test is P value
< o = 0.05 (two-sided).

In contrast to single copy number gains which
might result in small changes of the aCGH ratios,
segments with a log, ratio >1 and that differed in
copy number from at least one adjacent segment
by more than 1 (log, ratio) were considered high-
level, focal amplifications. High-level deletions
were defined as CBS segments >100 kb with a

SW837) and primary tumor (CC-P12). Genomic copy number changes
are indicated with solid blue bars and gene expression levels are indicated
in red (overexpression) and green (underexpression) as a function of log,
ratio between the sample and five normal colon mucosa.

log, ratio <—1. In both analyses, segments
encompassed within CNVs were discarded.

RESULTS

Genomic Profiling

To identify sites of CNAs, high-resolution
aCGH was performed on 31 primary colon carci-
nomas (Camps et al., 2008) and 15 commonly
used CRC cell lines. A total of 271 genomic
imbalances, including whole chromosomal aneu-
ploidies, were detected in the cell lines. Between
two and five imbalances occurred in each of the
five microsatellite unstable (MSI+), near-diploid
cell lines, and from 14 to 34 in the 10 microsatel-
lite stable (MSI—), aneuploid cell lines. Although
the cell lines contained on average more CNAs
than the primary tumors (18 versus 12.6), a

Genes, Chromosomes & Cancer DOI 10.1002/gcc
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Figure 3. Chromosomal localization of amplified sequences in cell
lines Colo 320DM and NCI-H716. Panels A and B show the coamplifica-
tion of genomic material from chr8:127,633,844-128,955,220 and
chrl3:27,392,825-27,439,502 as dmin (A) and hsr (B), respectively, in Colo
320DM. Fluorescence in situ hybridization using BAC clones CTD-
3056022 (green) and RPI1-153M24 (red) demonstrated the coamplifica-
tion of target genes MYC and CDX2, respectively, at chromosome loca-
tions 8q24.21 and 13ql2.2. Overexpression of both genes in this cell line

remarkable consistency was observed with respect
to the affected regions (Fig. 1). Low-level gains
of chromosome arms 7, 8q, 11p, 13, 20q, and X
occurred in greater than 25% for both cell lines
and primary tumors. Similarly, low-level common
losses were detected for chromosome arms 1p,
4q, 5q, 8p, 17p, 18, and 21. We therefore con-
clude that in general the cell lines have retained
and mirror those chromosomal aberrations charac-
teristic of primary colorectal carcinomas.

We and others have previously demonstrated a
direct  correlation between cancer specific
genomic imbalances and the transcriptome in
several primary tumor types (Monni et al., 2001;
Pollack et al., 2002; Grade et al., 2006). We were
therefore curious whether such a correlation was
maintained in the CRC cell lines. As illustrated
in Figure 2A, a positive correlation (» = 0.66)

Genes, Chromosomes & Cancer DOI 10.1002/gcc

compared to normal mucosa was confirmed by RT-PCR (data not shown).
Panel C shows the presence of two distinct populations of dmin in NCI-
H716; one is comprised of genomic material from chr8:125,620,117-
128,955,220 and the other consists of chr10:123,231,641-123,590,573. Flu-
orescence in situ hybridization was performed using BAC clones CTD-
3056022 (green) at 8q24.21, and RP|1-62L18 (red) at 10q26.13, contain-
ing MYC and FGFR2, respectively. Microarray data showed overexpression
of these two genes in NCI-H716 compared with normal colon mucosa.

between the CNA segments and the expression
level of the encompassed genes was observed.
"This overall positive correlation is depicted at the
whole genome level for individual samples in

Figure 2B.

Mapping of High-Level Genomic Imbalances

Regions of the genome that undergo focal,
high-level copy number gains are likely to con-
tain oncogenes. Using aCGH, we identified 26
amplicons in the cell lines and 11 regions of
amplification in the primary tumors (Table 1).
The amplicons ranged in size from 50 kb to
27.22 Mb, with the average being 4.56 Mb. Cyto-
genetically, homogenously staining regions (hsr)
accounted for four amplicons, double minutes
(dmin) representing six different regions of high
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genome amplification were present in three cell
lines, and nine amplifications were located near
sites of chromosomal translocations. The level of
amplification ranged from 2.368 to an astonishing
87-fold increase in genomic copy number. All of
the amplicons occurred in MSI- cell lines. Four
regions were independently amplified in multiple
cell lines (chr6:42,008,700-42,937,190, chr8:125,
620,117-128,955,220, chr12:24,174,625-27,444,930,
and chr13:27,392,825-27,439,502). Most notable
was chromosome band 8q24, which was affected
in four different cell lines (Fig. 3). While chromo-
somes 6, 8, 13, 17 and 20 contained amplicons in
both the cell lines and primary tumors, shared
amplified regions occurred on chromosomes 6 and
13 (Table 1).

An increase in genomic copy number alone,
however, is insufficient for the identification of
biologically relevant cancer genes. We therefore
combined the aCGH with gene expression data
in an attempt to identify those genes within the
amplicons that showed a concomitant increase in
expression. This resulted in 101 genes whose
altered expression was a direct consequence of a
genomic amplification based on their up-regula-
tion in the primary tumor or cell line containing
the amplicon (Table 1). The increased expression
of five (COLI4A1, CAl4, ADAMTSL4, SLCO45A4,
and FGFR2) and three (ZNF187, FLOTI, and
SYNPO) of these genes in the cell lines and
tumors, respectively, was clearly dependent on
genomic amplification because the expression
levels in the remaining cell lines were actually
lower than in the mucosa.

Amplification is only one mechanism whereby
the expression level of genes critical to tumori-
genesis 1s increased. Genes mapping within
amplicons were therefore evaluated for their aver-
age expression across all of the cell lines and pri-
mary tumors irrespective of amplification. We
identified 98 genes for which gene expression
levels, despite being the highest in the samples
containing the amplicons, were greater than the
normal mucosa across all of the remaining sam-
ples (Table 1). For example, MY( was co-ampli-
fied with FAMS4B, a member of the smc DNA
repair complex, in several cell lines. Both genes
were also highly transcribed in the majority of
the cell lines and primary tumors despite being
present in only two copies, raising the possibility
that these two genes may be regulated in concert.
NCI-H716 contained two distinct populations of
dmin; one was comprised of genomic material
from chromosome 8, including MYC, and the

other consisted of a small amplified region of
chromosome 10 containing FGFRZ2 and ATE]
(Fig. 3C). In this example, FGFRZ2 displayed a
marked overexpression restricted to NCI-H716,
whereas ATE1 was up-regulated in most of the
samples. Thus, while the vast majority of overex-
pressed genes are not amplified, identification of
those genes that have on occasion been subjected
to amplification is one approach for the discovery
of potential oncogenes.

Array CGH also revealed focal, high-level copy
number losses putatively containing tumor sup-
pressor genes. Fifteen and 25 high-level deletions
were identified in the primary tumors and the
cell lines, respectively (Table 2). These ranged
in size from 100 kb to 22 Mb. Although four
genomic locations were found commonly deleted
in more than one sample (chr8:11,003,785-
11,578,419, chr9:9,099,692-9,455,092, chr9:21,795,
270-22,510,695, and chr20:13,996,399-14,401,156),
no deletions occurred in both cell lines and
tumors nor was any particular chromosome more
prone to these genomic alterations. As was true
for the amplifications, none of the near-diploid
cell lines contained high-level deletions.

Genes found to be specifically down-regulated
in samples carrying high-level deletions are indi-
cated in Table 2. In particular, SGPL1, HEAB,
MED19, TMEMI138, PCID2, ADPRHI.I, and
TMEMI70A in the cell lines, and TRIAPI in pri-
mary tumors were exclusively transcriptionally
repressed in those samples with the high-level
deletion, attesting to the causative effect of their
loss on gene expression levels. Fifty-nine genes
mapping within regions of high-level deletion in
some samples were likewise deregulated in the
remaining samples independent of a genomic loss
(Table 2). BLK, present in two different high-
level deletions, and FAT4 were the only genes
found within a microdeletion (<1 Mb) and com-
monly down-regulated across all of the samples,
suggesting a role in tumor suppression.

One of the endeavers of global gene expresison
analysis is to demonstrate the interconnection of
differentially expressed genes through their
involvement in common biological pathways or
cellular processes which could then potentially be
targeted therapeutically. Such is the case for
some of those genes mapping within amplicons
and high-level deletions whose gene expression
deregulation was on average more than twofold
higher in all of the samples compared with nor-
mal mucosa (P < 0.05). Ingenuity Pathway Analy-
sis (Ingenuity Systems) assigned these genes into

Genes, Chromosomes & Cancer DOI 10.1002/gcc
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POLIM3

Figure 4. Network of genes located within high-level copy number
changes and deregulated across all of the cell lines and tumors. Inge-
nuity pathway analysis was used to assess the potential interconnection
between genes representing the most significantly affected cellular func-
tions. Red, increased expression; green, decreased expression.

the cancer, gastrointestinal disease, genetic disor-
der, and cell cycle biofunctions (P < 1.0E-4). As
seen in Figure 4, there is an interrelatedness
between these genes, as all of the genes con-
tained in this network converge on the well
known oncogene MYC. Thus, the colorectal can-
cer cells are simultaneously using a multipronged
approach to target the activities of a central
“hub” protein involved in many aspects of cellu-
lar biology and thus essential for tumor growth.

Consequences of Chromosomal Breakpoints on
Gene Expression

To wunderstand the mechanism by which
genomic imbalances arose, we used spectral kar-
yotyping (SKY) to characterize chromosomal aber-
rations occurring in the 15 CRC cell lines. A total
of 87% of the genomic imbalances detected by
aCGH correlated with cytogenetically detectable
chromosome aberrations elucidated by SKY, thus
enabling identification of the molecular events re-
sponsible for the observed genomic imbalances.
This was particularly informative with respect to
the recurrent breakpoints (Supporting Informa-
tion Table 4). The complete karyotypes of these
cell lines will be published elsewhere (Knutsen
et al., submitted) and can be retrieved at http://
www.ncbi.nlm.nih.gov/projects/sky/.

Sixteen microdeletions and six microduplica-
tions flanking sites of copy number alterations
were identified in the CRC cell lines with aCGH
(Supporting Information Table 5). Analysis of the

Genes, Chromosomes & Cancer DOI 10.1002/gcc

corresponding  breakpoint assessed by SKY
enabled us to determine the nature of the chromo-
somal aberration occurring at the site of these sub-
microscopic genomic alterations, possibly caused
as a consequence of a breakage-fusion-bridge
event (Gisselsson et al., 2000). As illustrated in
Supporting Information Figure 1, a subtle deletion
of chromosome 4 maps to the fusion site in the
der(4)t(4;17) in HC'T116. Subsequently, this rear-
rangement underwent a further recombination
with chromosome 18 [der(18)t(17;18)t(4;17)].
Although previous examples of this have been
described, they involved a single locus-specific
analysis in each study (Yoshimoto et al., 2007,
Alsop et al., 2008; Li et al., 2008).

Structural reorganization of chromosomes can
affect either the expression of genes or their bio-
logical functions via premature truncation or fusion
events. We identified 1,645 array features mapping
within the vicinity of 333 CBS-determined break-
point regions in the 15 cell lines, of which 75% (#
= 1,235) had intensity ratios that could be ana-
lyzed. We then identified the features mapping to
these breakpoints whose expression was an outlier
value (see Materials and Methods). Ninety-nine
such features occurred in cell lines containing the
breakpoint, 65 (5.27%) with the highest expression
and 34 (2.75%) with the lowest expression.
Another 534 features occurred in cell lines without
the breakpoint. This was statistically significant
compared to what would be expected by chance
(1.56% and 1.53%, highest and lowest respectively,
P < 2.2E-16). After looking closely through the 59
breakpoint regions, eight were regions of amplifi-
cation and 12 were within deletions. The validity
of some breakpoints was difficult to evaluate
whereas others mapped near the centromeric
repeats, where it was not possible to define nar-
rowly the breakpoint due to the absence of fea-
tures in the array. In the end, we identified only 36
features that mapped to genes whose altered gene
expression could reasonably have been the direct
result of a chromosomal break (Table 3). Some of
them, namely FOXAZ, MRPS35, LOC341346,
SRCRB4D, C21orf63, TEMEMY9S, and WASF3
were deregulated across all of the cell lines and/or
tumors (P < 0.05), indicating that chromosome
breakage might be one, but not the only, mecha-
nism affecting the expression of these genes.

Structural Variants of the Genome Colocalize
with Chromosomal Breakpoints

The total number of DNA breakpoints that we
identified by aCGH was 333, ranging from one to
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TABLE 3. Expression of Genes Mapping at Breakpoints
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Breakpoint Oligonucleotide/gene name Cell line Chr:Mapping position Expression
| MCF2L Colo 201 13:112,800,332-112,800,391 Increased
2 AK056384 Colo 320DM 21:33,027,032-33,027,091 Increased
3 MSRB3 Colo 320DM 12:63,966,606-63,966,665 Increased
4 RPL34 Colo 320DM 4:109,903,909-109,903,968 Increased
5 AGXT2LI Colo 320DM 4:110,020,929-110,020,870 Increased
6 A_24_P200962 Colo 320DM 7:120,210,671-120,210,730 Increased
7 FLJj21986 Colo 320DM 7:120,362,418-120,362,477 Increased
8 FLJ39609 NCI-H716 1:893,632-893,573 Increased
9 C200rf56 NCI-H716 20:22,489,440-22,489,381 Increased

10 FOXA2° NCI-H716 20:22,509,943-22,509,884 Increased
Il AL096727 NCI-H716 20:25,702,745-25,702,686 Increased
12 PCOLCE NCI-H716 7:99,848,718-99,848,777 Increased
13 ACTL6B NCI-H716 7:99,889,787-99,889,728 Increased
14 PYGB HT-29 20:25,226,326-25,226,385 Increased
15 FLj43826 HT-29 17:34,462,723-34,462,782 Increased
16 GGTL4 SK-CO-1 22:21,313,375-21,313,434 Increased
17 MRPS352® SK-CO-I 12:27,800,373-27,800,432 Increased
18 CR749704 SK-CO-I 8:58,304,783-58,304,84 1 Increased
19 ACTGI SK-CO-I 17:77,091,659-77,091,609 Increased
20 LOC341346* SW480 12:27,546,306-27,546,365 Increased
21 SRCRB4D™? SW480 7:75,663,359-75,663,300 Increased
22 THC2317822 SW480 5:93,765,126-93,765,067 Increased
23 AF118067 Sw837 17:20,855,929-20,855,988 Increased
24 PTGER3 SwW837 1:71,030,382-71,030,323 Increased
25 RPSI2 Colo 201 6:133,180,332-133,180,391 Decreased
26 C21lorf63° Colo 320DM 21:32,751,887-32,761,921 Decreased
27 HAPI Colo 320DM 17:37,132,425-37,132,418 Decreased
28 PLEKHN | NCI-H716 1:950,367-950,426 Decreased
29 GINS| HT-29 20:25,346,791-25,353,865 Decreased
30 TMEM98? HT-29 17:28,292,241-28,292,300 Decreased
31 KPNA2 HT-29 17:63,473,120-63,473,179 Decreased
32 ARHGEF7 HT-29 13:110,745,422-110,745,481 Decreased
33 WASF3*® SK-CO-1 13:26,160,694-26,160,753 Decreased
34 BAHCCI SK-CO-1 17:77,047,529-77,047,588 Decreased
35 BC047380 Sw837 22:24,176,324-24,177,801 Decreased
36 LRRC40 Sws837 1:70,322,640-70,322,581 Decreased

*Deregulation of this gene in the same direction as the sample with the breakpoint was observed across all the CRC cell lines (P < 0.05).
®Deregulation of this gene in the same direction as the sample with the breakpoint was observed across all the primary colorectal tumors

(P < 0.05).

six in the near-diploid and from 11 to 50 in the
ancuploid CRC cell lines. In agreement with our
previous results in primary tumors (Camps et al.,
2008), 45.9% of the breakpoints in the CRC cell
lines occurred within sites of known structural
variants of the genome (P < 1.0E-11), either
CNVs or segmental duplications (Fig. 5 and Sup-
porting Information Table 6). As for the microde-
letions and microduplications associated with
chromosomal breakpoints, five spanned a CNV
and the other 12 contained a CNV at one end of
the imbalance. Interestingly, 51% of the ampli-
cons contained a structural variant at one or both
ends, suggesting that these features are not only
involved in DNA double strand breaks that result
in chromosomal translocations, but that these
breaks might result in the generation of high-

level copy number gains more frequently than
expected by chance (P < 0.0005). In contrast,
only 32% (P = 0.3) of high-level deletions con-
tained a structural variant in at least one end of
the deletion. We then interrogated the distribu-
tion of CNVs in each chromosome aberration
detected by SKY. Results indicated that 52.5% of
the genomic rearrangements involved a structural
variant for at least one partner of the chromosome
marker. Of these, 24.5% contain structural var-
iants in both ends of the partners that originate
the chromosome aberration.

Because CNVs occur with the same frequency
at breakpoints in the primary CRC tumors and
the CRC cell lines, we examined the extent to
which the breakpoints were shared among the
samples. We identified 710 breakpoints in the 15

Genes, Chromosomes & Cancer DOI 10.1002/gcc
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Figure 5. Prevalence of chromosomal breakpoints at sites of structural variants of the human
genome. A total of 333 breakpoints were mapped and their coordinates compared with the physical
position of CNVs and SDs annotated in the Database of Genomic Varaints (http:/projects.tcag.ca/
variation). Red dots (n = 151) indicate the location of breakpoints that coincide with sites of structural

variants of the human genome.

CRC cell lines and 31 primary colon carcinomas,
of which 45 occurred in two or more samples
(Supporting Information Table 4). A total of 237
annotated CNVs mapped to breakpoints (» =
309), of which 15 were shared among the tumors,
seven were located within breaks in two or more
cell lines, and nine resided within breakpoint
regions found in both the tumors and the cell
lines. Thus, 13% of the CNVs mapped within
regions of the genome where changes in copy
number occurred in multiple samples.

DISCUSSION

This study represents a systematic and compre-
hensive integration of SKY, aCGH, and gene
expression data of colorectal cancer. While our
data are in general agreement with previously
published cytogenetic and molecular cytogenetic
analyses (Abdel-Rahman et al, 2001; Roschke
et al, 2003; Camps et al, 2004; Kleivi et al,
2004), the fine mapping of breakpoints, identifica-
tion of subtle regions of amplification and high-
level deletions, refinement of the composition of
dmin and hsr, and determining their consequen-
ces at the gene expression level are an important

Genes, Chromosomes & Cancer DOI 10.1002/gcc

advancement for identifying relevant tumor-
related events and gene loci involvement. Our
results corroborate the finding that the main con-
sequence of chromosomal aneuploidy in cancer is
to affect the average expression of all genes,
rather than a select few, within the regions of
copy number alteration (Monni et al., 2001;
Pollack et al., 2002; Grade et al., 2006). Analysis
of genes localized within focal amplifications and
deletions, however, demonstrated a tendency to-
ward the deregulation of specific genes. Thus,
our analysis resulted in the identification of sev-
eral putative oncogenes and tumor suppressor
genes for which an association with colorectal
cancer has hitherto not been described. Further-
more, the expression of genes mapping near
breakpoints was significantly affected. However,
we did not find recurrent breakpoints in the ma-
jority of the samples. We therefore conclude that
in contrast to what is observed in hematologic
malignancies where recurrent breakpoints are
common (Mitelman et al., 2004), breakpoints do
not represent a frequent mechanism to deregulate
gene expression in colorectal tumorigenesis.

The comparison of cell lines and primary
tumors in this study shows that CRC cell lines
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maintain genomic imbalances identified in pri-
mary colon tumors with a high fidelity (Fig. 1).
The number of CNAs, including high-level copy
number changes, was nearly 40% higher in the
cell lines, most of which occurring in the mis-
match repair proficient, aneuploid lines. In addi-
tion, our data showed that primary tumors tended
to contain more whole chromosome arm altera-
tions, whereas smaller chromosomal regions were
predominantly involved in structural rearrange-
ments in the cell lines, reflected also on the wide
spread distribution of the chromosomal break-
points along the genome (Fig. 5). Thus, either
culture conditions compared to the tumor micro-
environment and/or the developmental “age” of
the cell lines resulted in the accumulation of a
higher level of genomic instability.

Global genomic examination of these cell lines
corroborated our recent observation that chromo-
somal breakpoints in primary tumors occur prefer-
entially at sites of structural variants of the
human genome (Camps et al., 2008). Subse-
quently, this phenomenon has also been shown
in mantle cell lymphoma (Bea et al., 2009). Two
specific examples are the genomic amplifications
involving chromosome bands 8q24.1-24.3 and
12p11.23-12.1 that occurred in multiple cell lines.
The boundaries of these amplicons were not
identical in each of the cell lines, but the cluster-
ing of breakpoints and the ensuing amplification
indicate that these genomic regions are unstable
and prone to chromosomal breaks. Interestingly,
five of the 12 breakpoints leading to these two
amplifications occurred at sites of CNVs. Thus,
we conclude that CNVs not only appear to pro-
mote double strand breaks that lead to chromo-
somal translocations, but are also significantly (P
< 0.0005) involved in the mechanism that leads
to localized high-level copy number amplifica-
tions. Such an association was not observed for
deletion events. Because the frequency of CNV-
associated breaks is not altered by the increased
accumulation of genomic aberrations in the cell
lines, we conclude that this CNV-specific insta-
bility remains active in these samples perhaps as
a potential mechanism to generate CNAs.

A direct link between genes affected by either
high-level amplification or loss-of-heterozygosity
and tumorigenesis has clearly been demonstrated
in solid tumors and has in some instances pro-
vided targets for therapeutic intervention (Clark
and Cookson, 2008; Prat and Baselga, 2008).
Applying this approach, we identified 37 ampli-
cons within the 46 samples analyzed, of which

only four were observed in more than one sam-
ple. BYSL, MYC, FAM84B, SEQL, and TRIBI
were recurrently amplified and overexpressed.
Interestingly, several genes mapping within
amplicons were significantly overexpressed in the
cell lines and tumors irrespective of their copy
number; however, those samples with an ampli-
con generally had higher expression, suggesting
that the transcription of these genes was
increased as a direct consequence of the change
in gene dosage (Table 1). BYSL, a gene involved
in ribosome biogenesis and cell growth, maps
within the amplified region chr6:41,451,467-
42,008,700 in Colo 201 and the primary tumor
CC-P14. Overexpression of this gene has previ-
ously been described in several human cancer
cell lines (Miyoshi et al., 2007), in diffuse large
B-cell Iymphoma (Kasugai et al., 2005), and in
primary gastric cancer (Tsukamoto et al., 2008).
KIAA1333 and C140rf126 within the amplification
at chromosome 14 in NCI-H508 were also over-
expressed in all of the colorectal cell lines, and
their expression was further enhanced more than
threefold in NCI-H508, again reflecting an ampli-
con-specific effect on gene expression. The high
expression level of K/IAA7333 in some of the pri-
mary tumors further supports its oncogenic
potential.

A number of amplified regions, conversely, did
not contain any genes with increased expression
across the samples. While it is formally possible
that increased copy number of these genomic
regions does not convey any advantage to the
cancer cell, the potential exists for alterations in
other genomic elements such as non-coding
RNAs. Two such examples are chr8:10,607,890-
10,995,687 and chrl12: 21,809,476-27,444,930 in
CC-P1 and SW480, respectively, which contain
known miRNAs.

A similar approach using high-level genomic
deletions as a means to detect putative colon can-
cer tumor suppressor genes resulted in the identi-
fication of BLK and FAT4. Although these genes
demonstrated the lowest expression in those sam-
ples harboring the genomic deletion, they were
systematically down-regulated in all of the sam-
ples relative to the normal mucosa. FATY,
involved in kidney development (Saburi et al.,
2008), has recently been proposed to be a tumor
suppressor gene as its transcriptional repression in
the non-tumorigenic mammary epithelial cell line
NOGS induced tumorigenesis (Qi et al.,, 2009).
We suggest that FAT4 might be one of the candi-
date genes that lead to the selection of the
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common genomic loss of 4q in later stages of
colorectal cancer (Arribas et al., 1999; Knosel
et al., 2004).

Regions of copy number alteration may in fact
harbor multiple genes whose altered expression is
part of the ctiology. One such example is the in-
variable coamplification of FAMS4B with MYC,
which occurred independently in three different
cell lines (Table 1). Both of these genes dis-
played increased expression levels that were
directly correlated with gene dosage. Although
further functional analyses are required to deter-
mine whether an interaction exists between the
biological actions of these two proteins, our data
at the least support a model in which multiple
overexpressed genes contained within an ampli-
con may contribute to the oncogenic phenotype.
Examples of this phenomenon have been demon-
strated in several tumor types (Guan et al., 1994,
Squire et al., 1995; Huang et al., 2006; Kendall
et al., 2007), but this is to our knowledge the first
description of its occurrence in colorectal cancer.

In conclusion, we carried out the integration of
molecular cytogenetics, genome-wide gene copy
number, and expression microarray profiling of
colorectal cancer cell lines and primary colon
adenocarcinomas, and further applied statistical
analysis to identify putiative target genes that are
deregulated in association with high-level copy
number changes. A comprehensive comparison of
the aberration patterns between cell lines and pri-
mary tumors supports the usage of in vitro mod-
els to assess further functional genomics.
Investigation of clinical significance and biological
validation studies should be conducted to eluci-
date the mechanism of action of the target genes.
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